1. Introduction {#s0005}
===============

The brain is a metabolically-active organ, perfused by a disproportionate fraction of the cardiac output to supply its significant oxygen and nutrient requirements. While a partially redundant system of large arteries provides blood supply to the brain, its parenchyma is ultimately perfused by a dense network of microvessels ([@bb0205]).

Cerebral small vessel disease (CSVD) is thought to result from chronic and progressive pathologies affecting perforating cerebral arterioles and capillaries ([@bb0220]; [@bb0225]), and is associated with typical vascular risk factors such as hypertension ([@bb0065]; [@bb0175]; [@bb0285]) and hyperlipidemia ([@bb0150]). Although CSVD can also be a mechanism of acute subcortical infarction, progressive small vessel dysfunction due to CSVD is considered to be the leading cause of vascular dementia ([@bb0215]).

White matter lesions (WMLs) detected as hyperintensities using Fluid Attenuated Inversion Recovery (FLAIR) magnetic resonance imaging (MRI), currently provide the most widely accepted biomarker of CSVD ([@bb0315]). Several studies have demonstrated an inverse relationship between the extent of WMLs and cognitive function ([@bb0115]; [@bb0190]; [@bb0195]). However, white matter lesions (WMLs) are not mechanistically specific for small vessel dysfunction and are observed in other pathologies such as multiple sclerosis and Alzheimer\'s disease ([@bb0155]; [@bb0170]; [@bb0200]). Even ischemic WMLs are not specific for CSVD, since WMLs may result from embolic mechanisms or hypoperfusion due to large artery disease ([@bb0040]).

The periventricular white matter (PVWM) region is particularly susceptible to developing WMLs ([@bb0120]; [@bb0135]) likely because the PVWM is supplied exclusively by small vessels \<100 μ in diameter ([@bb0205]). PVWM lesions are very commonly observed in individuals aged 60 years or older ([@bb0120]; [@bb0165]; [@bb0180]), though with increasing severity they may become confluent with lesions in the deep white matter (DWM) ([@bb0095]; [@bb0160]).

The vascular anatomy of the PVWM and its susceptibility to developing WMLs suggest that it may be among the most weakly perfused regions in the human brain. Indeed, using single-photon emission computed tomography (SPECT) to measure group-averaged CBF map in 47 healthy middle-aged volunteers (age 34.3 ± 7.6 years), [@bb0135] previously showed that cerebral blood flow (CBF) was reduced in the PVWM region compared to the remaining white matter, though that study relied on relative rather than absolute CBF mapping. A separate study by Sullivan et al. ([@bb0210]) used contrast-based perfusion MRI in a small cohort of patients with ischemic leukoaraiosis and controls and found that PVWM CBF was reduced in the patient group whereas GM and WM CBF did not differ.

In this study, we leveraged arterial spin labeled (ASL) perfusion MRI data from a large (*N* = 436) middle-aged cohort in the Coronary Artery Risk Development in Young Adults (CARDIA) study to quantify regional CBF in human brain white matter. Although the sensitivity of ASL MRI for white matter CBF, particularly at the voxel level, has been controversial ([@bb0280]), the advent of improved arterial spin labeling ([@bb0055]) and acquisition ([@bb0295]) strategies has led to improved sensitivity for WM CBF ([@bb0340]). By signal averaging ASL MRI data across N = 436 subjects, we were able to create a high quality CBF map capable of characterizing the spatial distribution of WM CBF. We aimed at i) confirming that the PVWM region is the most weakly perfused region of the human brain, corresponding also to the location of WMLs, and ii) demonstrating that the reduced CBF in PVWM is not attributable to partial volume effects from ventricles. We then constructed a data-driven region of interest (ROI) comprised of brain voxels showing sub-threshold CBF values and termed it the "periventricular small vessel" (PSV) ROI to indicate its periventricular location and sensitivity to small vessel disease based on the vascular anatomy of this region. Finally, in an independent separate local cohort of 61 cognitively normal older adults studied using a more sensitive background-suppressed 3D (BS-3D) ASL MRI methodology ([@bb0300]), we aimed to replicate i) and ii) and additionally to further characterize the PSV ROI by assessing if there is a differential relationship between CBF and WMLs in the PSV ROI as compared to the remaining white matter (RWM). Based on the findings of this study, we believe that CBF within the PSV ROI may provide a biomarker of small vessel function, and hence a mechanistically specific biomarker of CSVD.

2. Materials and methods {#s0010}
========================

2.1. CARDIA MRI data {#s0015}
--------------------

CARDIA is a multi-site, longitudinal study aimed at examining the development and determinants of clinical and subclinical cardiovascular disease. Using the same subsample as in our earlier study ([@bb0080]), MRI data from 436 healthy middle-aged subjects who underwent the CARDIA Year 25 MRI protocol on 3 Tesla Siemens MRI scanners in two acquisition sites, Minneapolis and Oakland, were included. The MRI protocols were approved by the Institutional Review Board of the University of Minnesota and the Kaiser Permanente Northern California (KPNC) Institutional Review Board for the two acquisition sites. All participants signed written informed consent for the brain MRI and for all other CARDIA procedures. The CARDIA data used in this study and all CARDIA data are available through the CARDIA Coordinating Center (<http://www.cardia.dopm.uab.edu/contact-cardia>) after approval of a paper proposal submitted to the CARDIA Publications and Presentations Committee.

The CARDIA MRI protocol included:i)Non-background suppressed 2D pseudocontinuous ASL (pCASL) data acquired using a custom sequence ([@bb0050]) based on gradient-echo echoplanar imaging (EPI) with TR/TE = 4000/11 ms, voxel size = 3.4 × 3.4 × 5 mm^3^, matrix = 64 × 64, flip angle = 90°, FOV = 220 × 220 mm^2^, GRAPPA = 2, bandwidth = 3004 Hz/pixel, echo spacing = 0.44 ms and EPI factor = 64. 20 slices with a distance factor of 20% were acquired from inferior to superior in a sequential order. The labeling was performed with a labeling duration of 1.48 s, post labeling delay (PLD) = 1.5 s (range: 1.50--2.17 s for the inferior to the superior slices) at 9 cm below the center of the imaging volume. 40 label/control pairs were acquired for signal averaging.ii)Sagittal T1-weighted 3D magnetization-prepared rapid gradient echo (MPRAGE) data acquired with TR/TE/TI = 1900/2.9/900 ms, flip angle = 9^0^, bandwidth = 170 Hz/pixel, voxel size = 1x1x1 mm^3^, matrix = 256 × 256, slices = 176, GRAPPA = 2.iii)Sagittal 3D FLAIR data acquired with TR/TE/TI = 6000/160/2200 ms, voxel size = 1x1x1 mm^3^, 160 slices, matrix = 256 × 220, bandwidth = 930 Hz/px, GRAPPA = 2.

2.2. Penn Alzheimer\'s Disease Center MRI data {#s0020}
----------------------------------------------

We also considered MRI data from 61 cognitively intact elderly subjects obtained from the Penn Alzheimer\'s Disease Center (ADC) Clinical Core as part of a longitudinal cohort study of aging and Alzheimer\'s Disease. All Penn ADC subjects receive annual clinical and cognitive assessment and their clinical status was decided at a consensus meeting attended by neurologists, psychiatrists, radiologists and neuropsychologists based on medical and neurological examinations, psychometric assessments and imaging ([@bb0090]; [@bb0330]). The MRI protocols were approved by the Institutional Review Board of the University of Pennsylvania and written consent was obtained from all the subjects.

Multimodal MRI was performed on a Siemens Prisma 3 Tesla whole body scanner using a 32-channel head coil. The Penn ADC protocol included:i)Background-suppressed ASL MRI acquired with an unbalanced pCASL technique using a custom 1D-accelerated 4-shot 3D spiral acquisition ([@bb0300]) with TR = 4.25 s, TEeff = 9.78 ms, 90% background suppression, an isotropic voxel resolution of 2.5 mm^3^, matrix = 96 × 96, flip angle = 90^0^, FOV = 240 × 240 mm^2^, bandwidth = 400 Hz/px. The labeling was obtained with 1.8 s labeling and 1.8 s PLD with an unbalanced pCASL, which provides optimal labeling efficiency in the presence of off-resonance effects at the labeling plane ([@bb0345]). The labeling plane was placed at an optimal location perpendicular to straight segments of the carotid and vertebral arteries based on time-of-flight angiography to maximize labeling efficiency ([@bb0305]). Two M0 images with TR = 6 s and without background suppression and pCASL labeling were acquired and averaged to be used for CBF quantification. Ten label/control pairs were acquired for averaging.ii)High-resolution sagittally acquired T1 images collected using 3D MPRAGE with the following parameters: TR/TE/TI = 2400/2.24/1000 ms, flip angle = 8^0^, bandwidth = 210 Hz/px, voxel size = 0.8 × 0.8 × 0.8mm^3^, matrix = 300 × 320, slices = 208, GRAPPA = 2.iii)FLAIR data obtained with TR/TE/TI = 6000/289/2200 ms, voxel size = 1x1x1 mm^3^, matrix = 256 × 220, 160 slices, bandwidth = 930 Hz/px, GRAPPA = 2.

Demographic information for the 436 middle-aged subjects from the CARDIA cohort and 61 cognitively normal elderly subjects from the Penn cohort are provided in [Table 1](#t0005){ref-type="table"}.Table 1Demographics of the two cohorts.Table 1DemographicsCARDIAADCAge (years)50.4 ± 3.5 (range: 43--56)73.2 ± 6.9 years (range: 59--88)Sex (% Female)5463Hypertensive[a](#tf0005){ref-type="table-fn"} (% subjects)26.4%44.3%Type 2 Diabetes (% subjects)7.1%19.7%Cardiac or cerebrovascular events (% subjects)1.4%19.7%Current and former smokers (% subjects)39.5%63.6%[^1]

2.3. Data processing {#s0025}
--------------------

All data were processed using an in-house pipeline implemented in MATLAB with SPM12 and FSL ([@bb0145]).

The T1 images were probabilistically segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) using the SPM12 segmentation tool. The resulting segmentations were subsequently used to compute a brain mask containing GM, WM and ventricular CSF. Each subject\'s T1-weighted images were also used to estimate a subject-specific non-linear warping to the MNI152 template using FMRIB\'s non-linear image registration tool (FNIRT) ([@bb0010]).

ASL processing steps consisted of first realigning the raw EPI (or stack-of-spirals for the ADC cohort) images using the method by [@bb0310]). The mean EPI image, obtained by temporally averaging the realigned EPI time series, was coregistered to the structural image using FSL boundary based registration (BBR). In the case of the ADC cohort, the M0 image was first coregistered to the mean stack-of-spirals images using SPM with a normalized mutual information criterion and thereafter this coregistered M0 image was coregistered to the T1 image using FSL BBR. Note that our background suppression is only 90% leading to enough remaining contrast between the tissue types in the stack-of-spirals images for registration. Pairwise subtraction of the label-control images was performed and the difference was converted to absolute CBF time series measurements using a single compartment model ([@bb0005]) with parameters: brain/blood partition coefficient = 0.9, T~1,blood~ = 1.664 s, Labeling efficiency = 0.85 for CARDIA and 0.72 ([@bb0295]) for ADC data. Reduced labeling efficiency in the 3D BS acquisition reflects spoiling of some label by the two background suppression pulses. Additionally, for CARDIA data, a denoised mean CBF map was obtained from the CBF time series by discarding outlier volumes based on a structural correlation criterion ([@bb0075]) followed by a voxelwise processing using a robust Bayesian approach (combined method referred to as "SCRUB") ([@bb0085]). We did not apply SCRUB post-processing to the ADC data because of the limited number of label-control pairs and higher temporal signal to noise ratio (TSNR) in background suppressed 3D acquisition ([@bb0295]). Each subjects\' CBF map was normalized to the MNI152 space using a subject specific ASL-to-MNI152 warp obtained by concatenating the ASL-to-T1 BBR coregistration parameters with T1-to-MNI152 warp with a tri-linear interpolation.

White matter lesions were segmented using FLAIR images by the lesion growth algorithm (LGA) ([@bb0255]) as implemented in the Lesion segmentation toolbox (LST) ([www.statistical-modelling.de/lst.html](http://www.statistical-modelling.de/lst.html){#ir0010}). The LGA algorithm accepts a FLAIR and a T1 image and outputs a lesion probability for each voxel (henceforth we will refer it as LST lesion probability) in the T1 space. The LST lesion probability maps were warped to the MNI152 space using T1-to-MNI152 warp and tri-linear interpolation.

2.4. Periventricular small vessel (PSV) region of interest (ROI) {#s0030}
----------------------------------------------------------------

To define a region of interest (ROI) representing weakly perfused brain voxels, we considered the CARDIA group-averaged CBF map, symmetrized bilaterally and thresholded to CBF \< 15 ml/100 g/min, a threshold previously shown to potentially predict future occurrence of ischemic lesions based on dynamic susceptibility contrast perfusion MRI ([@bb0020]). We further modified the ROI to remove the ventricles using a white matter mask in the MNI152 space obtained by i) warping each subjects white matter probabilistic segmentation to the MNI space, ii) averaging the maps across the cohort and iii) thresholding it to 5%. Note that although 5% is a liberal threshold, we also modified this ROI in all the subsequent analyses as detailed below in [section 2.5](#s0035){ref-type="sec"}. Some regions in cerebellum and brain stem also showed group-averaged CBF \<15 ml/100 g/min, likely representing artifact at the edges of the imaging volume, and were removed manually. The resulting PSV ROI is shown in [Fig. 3](#f0015){ref-type="fig"} (see Results). Note that this ROI is in the MNI space and was same for all subjects in both cohorts. An MNI space RWM was constructed by subtracting the PSV ROI from a WM mask computed by thresholding the CARDIA group-averaged WM tissue probability map to 0.5 (also shown in [Fig. 3](#f0015){ref-type="fig"}).

Subject-specific PSV ROIs were then constructed by warping the MNI152-space ROI back to each subject\'s space with the inverse FNIRT transformation and were further refined by intersecting the warped map with a WM ROI (obtained by smoothing the subject\'s WM tissue probability map with an isotropic Gaussian kernel with FWHM = 5 mm and binarized with a threshold of 0.5). We also constructed subject-specific remaining white matter (RWM) ROIs comprised of the WM ROIs outside the PSV ROIs.

2.5. Analytical and statistical methods {#s0035}
---------------------------------------

We aimed to assess the CBF distribution in white matter and determine if there was a differential relationship between CBF and LST-derived WML volume in the PSV ROI as compared to the RWM.

### 2.5.1. Group averaged CBF map and lesion frequency map and their distribution {#s0040}

To obtain the spatial distribution of CBF and WML in each cohort, the MNI152-space CBF and LST lesion probability maps were averaged across subjects at each voxel to produce subject-averaged maps for each cohort. Note that averaging the LST lesion probability maps across subjects provides a measure of lesion frequency of each voxel since it shows the fraction of subjects in the cohort having lesion in that voxel. These maps were visualized for qualitative comparison.

### 2.5.2. Assess effects of partial volume contamination on observed CBF distribution {#s0045}

To demonstrate that observed WM CBF distributions in group data were not the result of partial volume effects across tissue types with differing CBF values, we constructed pseudo-CBF maps for each subject by i) smoothing the anatomical tissue probability maps to account for the inherent point spread function (PSF) of ASL and downsampling them to the ASL space, and ii) constructing a weighted average of the tissue probability maps where the weights in the GM and WM were equal to the mean CBF in the respective tissues derived from ASL MRI data and zero in CSF. The pseudo-CBF maps were then warped to the MNI152 template space and were averaged across subjects. To estimate the PSF of both 2D EPI and 3D RARE stack-of-spirals readouts, we simulated the time evolution of the vascular signal for each case. This allowed us to obtain the modulation transfer function (MTF) of the CBF signal along all directions. For each direction, the PSF was computed as the Fourier transform of the MTF, and we computed its Full-Width Half-Max (FWHM) as estimator of the spatial smoothing along that direction leading to the smoothing kernels with FWHM = \[0, 3.5, 0\] mm for the 2D and \[3.1, 3.1, 3.2\] mm for the 4 shot 3D data.

Pearson\'s correlation coefficients were used to calculate the voxelwise correlations between the group averaged CBF map and the pseudo-CBF map, in both the PSV and RWM ROIs in each cohort. These correlation coefficients were calculated to provide a metric of the extent of spatial similarity. Recognizing that there is spatial autocorrelation between neighboring voxels resulting in overestimation of degrees of freedom and spuriously low *p*-values, this analysis focuses just on the correlation values, rather than on their statistical significance.

### 2.5.3. Relationship between CBF inside and outside WMLs in PSV ROI versus RWM {#s0050}

To determine if CBF differs within and outside WMLs and if this difference varies across the PSV and RWM ROIs, we used a two-way repeated measures ANOVA with the two factors being ROI (PSV and RWM) and lesion-location (inside or outside lesion). For this, we upsampled the CBF maps to the T1 space and extracted median CBF values from four ROIs; PSV versus RWM and inside versus outside lesions. Subject specific PSV and RWM ROIs were constructed as described above and the regions outside and inside lesions were defined by zero and non-zero LST lesion probabilities (lesionprob), respectively. This analysis focuses primarily on the ADC data because the constructed PSV ROI was fully independent of that cohort. We also reported the results with the CARDIA data while noting that the PSV ROI was defined by its voxels having the lowest CBF values in the brain, though not by the presence of lesions.

### 2.5.4. Normalized lesion volumes in PSV and RWM {#s0055}

Normalized lesion volumes (i.e. lesion volume normalized to the ROI volume) within PSV and RWM were computed by averaging the LST lesion probabilities within the ROIs in the subject-T1-space (method of constructing the ROIs for each subject was described above) and were compared across the two cohorts to determine if any region is more susceptible to develop lesion with age. A two-way mixed ANOVA with the within-subject factor of ROI (PSV or RWM) and the between-subject factor of group cohort (CARDIA or ADC) was used for the analysis. The statistical tests were obtained after log-transformation of the normalized lesion volumes because of the skewed nature of the data (positive skew).

### 2.5.5. Comparison of PSV CBF in the two cohorts {#s0060}

For both CARDIA and Penn ADC cohorts, we report the mean CBF within the PSV ROI and compare their mean and variances using two sample *t*-test and F test for equality of variances respectively. Comparison of mean was performed to assess change in PSV CBF across age range while comparison of variance was expected to provide the variability in the two age ranges.

### 2.5.6. Comparison of sensitivities between the two ASL methods {#s0065}

Finally, we report the mean temporal signal to noise ratio (TSNR) for the PSV ROI data, which illustrates the differences in sensitivity between the two ASL MRI methodologies employed. TSNR is related to the feasibility of measuring CBF. An acquisition with low TSNR will require signal averaging of larger number of volumes to obtain a reliable estimate. Note that the TSNR calculated here is for the CBF time series and not for the raw EPI or stack-of-spirals time series. To compute TSNR for each ROI, mean CBF within the ROI was computed for each CBF volume of the time series, and the TSNR was computed as the ratio of the mean and standard deviation of the values. For comparison with published ASL TSNR values, we also report the TSNR in gray matter for both datasets.

A schematic diagram of the construction of the ROI and its use in the different analyses is provided in the supplementary material.

3. Results {#s0070}
==========

3.1. Group averaged CBF map and lesion frequency map and their distribution {#s0075}
---------------------------------------------------------------------------

The left and middle subplots of [Fig. 1](#f0005){ref-type="fig"} show the group averaged CBF map and lesion frequency map from the middle-aged CARDIA cohort. The group averaged CBF map demonstrates that WM CBF is specifically decreased in the periventricular region (blue voxels in [Fig. 1](#f0005){ref-type="fig"}, left). The analogous map for the ADC cohort is shown in the left subplot of [Fig. 2](#f0010){ref-type="fig"}. As expected, CBF was generally lower in the elderly cohort (note the differences in color scales in [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). However, in both cohorts, CBF was lowest in the periventricular region with a largely consistent spatial pattern.Fig. 1Group averaged maps in the CARDIA cohort. (Left) Group averaged CBF, (Middle) Group averaged white matter lesion frequency, and (Right) Group averaged structural pseudo-CBF computed as weighted average of tissue probability maps (note the absence of a periventricular CBF gradient in the pseudo-CBF map). Gray matter CBF appears red and yellow while white matter CBF appears green and blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1Fig. 2Group averaged maps in the Penn ADC cohort. (Left) Group averaged CBF, (Middle) Group averaged white matter lesion frequency and (Right) Group averaged structural pseudo-CBF computed as weighted average of tissue probability maps. Gray matter CBF appears red and yellow while white matter CBF appears green and blue. Note that the colorscale differs from that used for the CARDIA data to better visualize the lower CBF values and higher lesion frequency in this elderly cohort. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

The middle subplot of [Fig. 1](#f0005){ref-type="fig"} shows the group averaged lesion frequency in the CARDIA cohort. The lesion frequency is shown only for regions where the frequency is above 2%, i.e. 2 out of 100 subjects showed a lesion, on average. It demonstrates that, although lesion frequency is low in this middle-aged cohort, lesions are most frequent in the periventricular region where group averaged CBF is lowest. The analogous map for the ADC cohort shown in the middle subplot of [Fig. 2](#f0010){ref-type="fig"} demonstrates similar results with the highest lesion frequency seen in the periventricular region. The spatial extent of suprathreshold lesion voxels in the elderly ADC cohort was much larger than for the younger CARDIA sample.

[Fig. 3](#f0015){ref-type="fig"} shows the ROI comprised of hypoperfused voxels generated from the CARDIA cohort data as described in the Methods (red voxels). As expected from [Fig. 1](#f0005){ref-type="fig"}, the resulting ROI is located within the PVWM region, and is therefore referred to as the "periventricular small vessel" (PSV) ROI because this region is also perfused by the terminal distributions of small penetrating arteries. An ROI comprised of the remaining WM (RWM ROI) was also generated (blue voxels in [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Periventicular small vessel (PSV) ROI (shown in red) and the remaining white matter (shown in blue) overlaid on MNI152 template. The PSV ROI was obtained by thresholding the group-averaged and bilaterally symmetrized CARDIA CBF map to 15 ml/100 g/min and manually removing artifactual regions in cerebellum and brainstem. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.2. Assess effects of partial volume contamination on observed CBF distribution {#s0080}
--------------------------------------------------------------------------------

The right subplot of [Fig. 1](#f0005){ref-type="fig"} shows the subject-averaged pseudo-CBF map for the CARDIA cohort. This map did not show a CBF gradient in the PSV region as was present in the true CBF map (compare Left and Right images) suggesting that the observed periventricular CBF reductions are not attributable to partial volume effects. The pseudo-CBF map for the ADC cohort ([Fig. 2](#f0010){ref-type="fig"}) recapitulates the results from the CARDIA data. Taking each voxel in the group-average maps as having both a CBF and pseudo-CBF score, we performed Pearson\'s correlation tests on these values. For the middle-aged CARDIA cohort, the correlation between CBF and pseudo-CBF was 0.76 in RWM and 0.21 in PSV ROI, demonstrating that CBF in the PSV is much more poorly explained by the underlying anatomy than that in RWM. Very similar results were seen in the elderly Penn ADC cohort where the voxel-wise correlation between the two maps was 0.58 in the RWM and 0.22 in the PSV ROI.

3.3. Lesional and non-lesional CBF values {#s0085}
-----------------------------------------

We performed repeated measures ANOVAs for the ADC cohort on absolute CBF values, subdividing the PSV and RWM ROIs into two further sub-categories according to the presence or absence of lesions (lesionprob = 0 or lesionprob\>0), where lesionprob refers to LST lesion probability. As expected, mean CBF inside lesions was lower than that outside lesions (*p* \< \<0.0001, partial η^2^ = 0.75) and in the PSV compared to RWM (*p* \< \<0.0001, partial η^2^ = 0.93). Further, there was a statistically significant (*p* \< \<0.0001, partial η^2^ = 0.73) interaction between the two factors showing that the difference between CBF inside and outside lesions was significantly higher in the RWM as compared to the PSV. [Fig. 4](#f0020){ref-type="fig"} illustrates this CBF/lesion relationship by binning voxel-wise CBF and LST lesion probabilities into three groups: (lesionprob = 0, 0 \< lesionprob≤0.5 and 0.5 \< lesionprob≤1. To remove inter-subject variability unrelated to the within-subject CBF/lesion relationship, we normalized each subject\'s voxel-wise CBF values against their whole-brain mean CBF, producing relative CBF values (relCBF). We then computed empirical probability density functions (PDFs) p(relCBF \| lesion group = g, PSV) and p(relCBF \| lesion group = g, RWM). The shapes of the subject-median PDFs are plotted, and their between-subject variability is shown by the shaded region (at each value of relCBF, the density function for the 5% and 95% percentile subject is shaded). Inspecting this figure, we can see that relCBF in regions with no lesion (lesionprob = 0) is higher than that with low (0 \< lesionprob≤0.5) and high (0.5 \< lesionprob≤1) lesion probabilities. However, the difference is more apparent in the RWM, while in the PSV ROI, there is considerable overlap.Fig. 4Plots of empirical probability density functions (PDFs) of relative CBF in (Left) the Periventricular Small Vessel (PSV) and (Right) the remaining white matter (RWM) with the ADC ASL data. Within each category, PDFs are separately plotted for voxels with lesionprob = 0, 0 \< lesionprob ≤ 0.5, and 0.5 \< lesionprob ≤ 1 (see colors in legend). Empirical PDFs were computed for each subject separately and we have plotted the across-subject median PDF value (solid lines) and the across-subject 5%--95% quantile region (colored regions) for each relative CBF. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4

CARDIA data also showed similar results, with CBF inside lesions lower than outside lesion (*p* \< \<0.0001, partial η^2^ = 0.59), CBF in the PSV ROI lower than in the RWM (*p* \< \<0.0001, partial η^2^ = 0.89), and an interaction between the two terms (*p* \< \<0.0001, partial η^2^ = 0.34). Note that the result that CBF in the PSV ROI is lower than that in the RWM was preselected in the CARDIA data because the PSV ROI was defined by its low CBF.

3.4. Normalized lesion volumes in PSV and RWM {#s0090}
---------------------------------------------

The normalized lesion volumes, defined as total lesion volume per unit ROI volume, and expressed as median (interquartile range) percent, were found to be 1.28 (1.53) and 4.90 (7.43) in the PSV ROI in the CARDIA and ADC cohorts, respectively, and 0.16 (0.15) and 0.51 (0.73), respectively, in the remaining white matter (RWM). The normalized lesion volumes were 8.7 (6.6) times higher in the PSV ROI than in RWM in the middle-aged subjects, increasing to 10.8 (6.5) times higher in the elderly subjects. A mixed ANOVA with ROI (RWM and PSV) as within-subject factor and age/cohort (middle-aged CARDIA and elderly ADC) as between-subject factor demonstrated that normalized lesion volumes were significantly higher (*p* \< \<0.0001, partial η^2^ = 0.84) in the PSV than RWM ROI, and in the elderly ADC cohort as compared to the CARDIA cohort (*p* \< \<0.0001, partial η^2^ = 0.21). Moreover, there was a statistically significant (*p* = .001, partial η^2^ = 0.022) interaction of age and ROI with the elderly cohort demonstrating a greater increase in normalized lesion volume in the PSV ROI than in the RWM.

3.5. Comparison of PSV CBF in the two cohorts {#s0095}
---------------------------------------------

The average PSV CBF for the CARDIA and the ADC cohort were 12.99 ± 5.52 and 12.29 ± 4.66 ml/100 g/min respectively. The between cohort difference in PSV CBF was not significant (*p* = .34) and there was a weak trend (*p* = .11) of higher variance in the CARDIA cohort compared to the ADC cohort.

3.6. Comparison of sensitivities between the two ASL methods {#s0100}
------------------------------------------------------------

The TSNR (reported as median (interquartile range) because of its right skewed distribution) in the PSV ROI for the CARDIA cohort was 0.34 (0.27), which was about 12.5 times lower than in the ADC cohort with TSNR value of 4.25 (3.36). In both cohorts, TSNR values in the gray matter were significantly higher than in the PSV, with values of 3.82 (2.43) and 11.27 (6.71) in the CARDIA and ADC data, respectively.

4. Discussion {#s0105}
=============

We defined a periventricular small vessel region of interest (PSV ROI) reflecting a brain region supplied by small vessels where we observed reduced perfusion in a large middle-aged cohort. CBF in this ROI is proposed as a measure of small vessel functional integrity and a potential biomarker of small vessel disease. By averaging across a large number of subjects, the spatial distribution of WM CBF was assessed in both the large CARDIA cohort as well as the smaller ADC cohort in whom a more sensitive ASL MRI acquisition was available. The observed WM CBF distribution was found to be highly non-uniform in both cohorts, showing morphologically comparable extended region of reduced perfusion in the periventricular regions. Similar CBF gradients have previously been observed in group averaged CBF maps obtained with Positron Emission Tomography (PET) and SPECT data ([@bb0130]; [@bb0135]; [@bb0140]), albeit with lower resolution. In both cohorts, FLAIR WMLs were also found to coincide with the most poorly perfused regions and the observed spatial distribution of the lowest CBF values also matches WML frequency maps derived from other cohorts ([@bb0070]; [@bb0120]; [@bb0135]; [@bb0245]; [@bb0335]). While the causality of low CBF and occurrence of lesions cannot be discerned from cross-sectional data, the PSV ROI was of larger extent than the regions of highest WML frequency, suggesting a penumbral region susceptible to future ischemic injury.

Periventricular localization has previously been described in the context of WMLs, which have been categorized as periventricular when their location was morphologically adjacent to the ventricles ([@bb0060]; [@bb0265]). Note, however, that this type of categorization is difficult or impossible to obtain when the periventricular and deep white matter lesions become confluent. Popular visual rating scales such as the Fazekas ([@bb0095]) or Scheltens ([@bb0250]) scales have also been used to categorize the lesions into periventricular and deep white matter, along with their severity including confluence between the regions, though disagreement between rating scales has contributed to inconsistent conclusions across studies ([@bb0185]). Subject specific periventricular ROIs have also been constructed through automated dilation of the segmented ventricles by 5--10 mm ([@bb0015]; [@bb0070]; [@bb0105]; [@bb0110]). In contrast, the PSV ROI in the current study was defined exclusively based on a CBF threshold rather than ventricular anatomy. The ROI is highly non-isotropic around the ventricles with higher extent in the caps of the lateral ventricles. A highly conserved pattern of reduced CBF was present in the CBF distributions of both middle aged and elderly cohorts, indicating that the perfusion-based definition is consistent.

The group-averaged pseudo-CBF maps did not demonstrate an appreciable PSV CBF gradient, as was observed in actual group CBF maps. This was further verified by comparing the correlations between CBF and pseudo-CBF obtained from the RWM and PSV ROI. Although correlations between actual and pseudo-CBF were quite high in both the cohorts for the RWM, this correlation was considerably reduced in the PSV region, demonstrating that tissue classifications of WM/GM/CSF alone are not sufficient to describe the observed spatial variations in CBF in PSV region. As the structural tissue segmentations were smoothed to account for the point spread function of the ASL acquisition and downsampled to the resolution of ASL before warping to the MNI152 space, reductions of CBF observed in the PSV region are highly unlikely to simply reflect partial volume effects. Notably any other potential source of blurring would not be expected to uniquely affect the PSV region, which is not isotropically distributed around the ventricles. Accordingly, hypoperfusion in the PSV region also does not reflect limitations of spatial resolution in ASL MRI.

A distinct difference between the effects of lesions on CBF in PSV versus RWM was observed, as illustrated in [Fig. 4](#f0020){ref-type="fig"}, and was analytically verified from the repeated measures ANOVA with the ADC data. While CBF declines with increases in LST lesion probability in both regions, the magnitude of this effect was much larger in RWM than in PSV. In contrast, in the PSV region, CBF distributions are more similar across lesion probabilities, suggesting that CBF decreases more uniformly in the PSV than in the RWM. In other words, low CBF in the PSV ROI is not exclusively the result of measuring CBF within lesions. The repeated measures ANOVA also showed significantly higher CBF in the RWM compared to the PSV. The results with the CARDIA data were similar. For these analyses, we categorized voxels as lesions based on non-zero LST lesion probability in this study, but the results were very similar with a threshold of 0.5.

Normalized white matter lesion volumes were found to be higher in the PSV region compared to the RWM in both study cohorts. Interestingly the difference was significantly higher in the elderly cohort suggesting that the PSV ROI is more susceptible to demonstrate lesions with increasing age than RWM, lending the proposed ROI some preliminary pathophysiological significance. Note that the PSV ROI used for this analysis was defined purely based on hypoperfusion in the middle-aged cohort, yet still showed increased normalized lesion volume in the elderly cohort. These findings are consistent with the notion that PSV lesions are likely ischemic in etiology ([@bb0100]), potentially reflecting the cumulative effects of reduced CBF over many years, though confirmation in longitudinal data is needed to evaluate this.

Although CBF was generally lower in the elderly ADC cohort than in the middle-aged CARDIA cohort, mean CBF in the PSV ROI of the middle-aged CARDIA cohort was not significantly higher than the elderly ADC cohort. This may reflect underestimation of PSV CBF in the CARDIA cohort due to use of a shorter postlabeling delay (see technical limitations, below) and/or increased partial volume contamination from CSF due to larger voxel size in the CARDIA ASL data. There was also a weak trend of higher intersubject variability of PSV CBF in the CARDIA cohort than in the ADC cohort, likely reflecting differences in measurement noise across ASL acquisition methodologies, though both cohorts showed considerable variability. The finding that between-subject variability was not substantially smaller in the ADC data, despite having a TSNR 12 times higher than the CARDIA cohort, suggests that at least some of the between-subject variability in both cohorts is biological. This biological variability in PSV CBF may ultimately provide explanatory power to predict the future development of WML or cognitive deficits associated with CSVD.

The relationship between cerebral blood flow (CBF) and WMLs has been studied before. Specifically, global and regional gray matter (GM) and white matter (WM) CBF were found to be lower in subjects with more WMLs ([@bb0025]; [@bb0260]; [@bb0290]). Additionally, CBF was found to be lower inside the lesions ([@bb0030]; [@bb0270]), and also in lesion penumbras ([@bb0230]). Longitudinal studies comparing the chronological order of occurrence of lesion and hypoperfusion however showed mixed results with WMLs predating decreasing CBF ([@bb0275]), and the reverse ([@bb0230]; [@bb0240]; [@bb0265]). [@bb0265] specifically showed increases in periventricular lesions in subjects with low global CBF. Additionally [@bb0240] showed low baseline CBF in regions of future occurrence of lesions in the PVWM region, but not in the deep white matter region, at an average interscan interval of 17 months. The current study, although not longitudinal, had the advantage of a much larger sample size compared to most of the previous studies, higher spatial resolution than studies using CBF quantification with PET or SPECT ([@bb0135]), and better labeling (PCASL) and acquisition (BS-3D) strategies coupled with advanced data cleaning procedures than the studies using PASL ([@bb0230]; [@bb0240]; [@bb0235]).

The study has a few technical limitations. First, data from both the cohorts were obtained with single post labeling delay (PLD; the time interval between labeling and image acquisition to allow the labeled blood to enter the microvasculature). A PLD shorter than the arterial transit time (ATT; the time taken by the tagged blood to reach the imaging voxel from the labeling location) leads to underestimation of CBF due to incomplete delivery of the labeled blood during imaging. CARDIA used a PLD of 1.5 s, however the slices were obtained with 2D acquisitions from inferior to superior direction with the last slice acquired approximately 670 ms after the initial PLD. Thus, the effective PLD in the superior slices was much longer than the nominal value, with the mean PLD across the brain being approximately 1.84 s. ADC scans were obtained with a PLD of 1.8 s. Hence the PLDs were close to the arterial transit time of WM, whose reported values range from 1.5 s ([@bb0325]) to 1.7 s ([@bb0340]). Furthermore, continuous ASL methods such as pCASL label a temporal bolus of arterial blood, so these are the minimum PLD\'s for the end of the ASL bolus, with the start of the ASL bolus having a 1.5 s longer PLD for the CARDIA data and 1.8 s longer PLD for the ADC data. However, since no prior studies have specifically measured ATT in the PSV ROI, it is possible that this region has a longer ATT than other WM regions, which would lead to underestimation of CBF. For example, if ATT = 2 s instead of 1.8 s, it would lead to an approximately 15% underestimation of CBF based on simulation ([@bb0035]). Nevertheless, a 15% increase in CBF for regions with CBF \< 15 ml/100 g/min would have still been considered hypoperfused compared to the RWM.

Second, while CARDIA used the currently recommended pCASL labeling approach ([@bb0005]), the effects of ASL were measured using a non-background suppressed 2D acquisition, which is susceptible to artifacts in the resulting CBF maps. We employed an advanced data cleaning strategy to minimize artifacts. CARDIA ASL MRI data were also acquired at a resolution of 3.4 × 3.4x5mm^3^, which results in some partial volume effects at the voxel level, though the conclusions of this study are unlikely to be affected by this factor. Note that the ADC ASL data did not suffer from the same limitations since the background-suppressed acquisition is expected to produce less artifactual contamination ([@bb0320]). Moreover, the acquisition also used 2.5 mm isotropic voxels, which were previously shown to maximize the ratio between gray matter and white matter ([@bb0045]) and should therefore minimize partial volume effects. The ADC cohort studied using the more advanced ASL MRI acquisition strategy yielded very similar results to those seen in the CARDIA cohort.

Finally, lesion segmentations obtained using the automated LST method may not be fully accurate. However, we verified the automated segmentations by visual inspection in about 10% of subjects in each cohort and confirmed that the automated segmentations appeared accurate across subjects with varying lesion burdens.

Because the PSV ROI is in a region supplied exclusively by small vessels ([@bb0205]), PSV CBF provides a simple scalar value representing small vessel function that may potentially serve as a mechanistically specific biomarker of CSVD. For the ROI analyses reported in this study, we empirically defined a PSV ROI based on a CBF threshold of CBF \< 15 ml/100 g/min, symmetrized across hemispheres. The threshold was previously shown to predict future occurrence of lesions ([@bb0020]), albeit with CBF measured using dynamic susceptibility contrast imaging. The PSV ROI definition can be further refined in future work, ideally using longitudinal data with clinical outcomes to test the predictive value of PSV CBF for outcomes related to SVD. The optimal PSV ROI may ultimately even incorporate information from WML frequency distributions ([@bb0120]; [@bb0125]).

5. Conclusion {#s0110}
=============

This study confirmed that the PVWM region is characterized by the lowest regional perfusion values in the brain in both middle-aged and in elderly adults, and coincides spatially with the highest white matter lesion frequencies in both cohorts. A data-driven PSV ROI defined by subthreshold CBF demonstrated a differential relationship between CBF and WML compared to the remaining white matter, suggesting that the pathophysiology of WML in the PSV ROI may be more uniformly associated with chronic hypoperfusion. While the current "gold-standard" biomarker for CSVD is WMLs, they represent downstream effects of CSVD and are not uniquely associated with ischemia, whereas PSV CBF may provide a mechanistically specific biomarker of small vessel function. Prospective evaluation of PSV CBF as a predictive biomarker of both clinical and radiographic evidence of CSVD will be the next critical step in the evaluation of this concept.
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Supplementary FigA schematic diagram showing the construction of the PSV ROI along with its use in the different analyses.Supplementary Fig
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[^1]: Hypertensive defined by blood pressure higher than 140/90 mmHg or taking medication in the CARDIA cohort and by patient/informant report of history of hypertension or through review of the medical record in the ADC cohort.
